We have already shown that the achaetae-scute complex (AS-C) of Drosophila is regulated by two genes, hairy and extramacrochaetae. Using mutants in these genes, we have analysed how different levels of expression of AS-C affect the pattern of chaetae. The results indicate that the spatial distribution of chaetae results from cell interactions, probably by a mechanism of lateral inhibition. The results are discussed in view of the different theories of pattern formation.
Introduction
The generation of morphological patterns remains a major challenge in developmental biology. Two operations can be formally distinguished in the production of a pattern: the differentiation of individual cells and their spatial distribution. Chaetae are sensory organs in the cuticle of insects and provide a suitable model for the study of pattern formation. They are distributed in a species-specific constant position in the cuticle of higher Diptera, forming a simple, twodimensional pattern. Morphologically, two types of chaetae can be distinguished: small (mierochaetae) and large (macrochaetae). In Drosophila melanogaster, as a rule microchaetae are evenly distributed over the cuticle, but macrochaetae appear irregularly distributed but in constant positions.
Chaetae differentiation requires the wild-type activity of a gene complex, the achaete-scute complex (AS-C). The loss of gene function in the complex results in the removal of chaetae. Mutants in the achaete (ac) region of AS-C remove mainly microchaetae, whereas those in the scute (sc) region remove macrochaetae and tergal chaetae. Flies doubly mutant for ac and sc lack all chaetae, with the exception of most of the chaetae in the wing margin, which are under a different genetic control (Lindsley and Grell 1968; Garcia-Bellido and Santamaria 1978; Garcia-Bellido 1979) . In a previous report (Moscoso del Prado and Garcia-Bellido 1984) we showed that the activity of the AS-C seems to be controlled by two genes with repressor properties: hairy (h), which regulates the ac region of the complex, * Present address: Genetics Laboratory, Department of Biochemistry, University of Oxford, Oxford OX1 3QU, Great Britain and extramacrochaetae (emc) , which controls the sc region of AS-C. Lack of function of these two genes leads to derepression of AS-C, resulting in the appearance of extra chaetae, microchaetae in the case of h and macrochaetae in that of emc.
Here we study how variations in the level of activity of AS-C, produced by genetic combinations between h, emc and different number of AS-C doses, are expressed in variations in the chaetae pattern. The results show that the appearance of extra chaetae due to an excess of AS-C function does not result from the addition of new elements to the normal pattern, but rather causes a reorganization of the chaetae, creating a new pattern. From this we draw two conclusions: (a) chaetae position is not established prior to chaetae determination, but is a result of the density at which those elements are determined, and (b) cell interactions, probably of inhibitory nature, seem to play a crucial role in the spacing of these elements.
Materials and methods
All genetic variants are described in Lindsley and Grell (1968), except extramacrochaetae (emc) . Two alleles of emc have been used, emc 1, a point mutant, and emc 2, associated with In(3LR)Ubx ~3~ (Botas et al. 1982) .
Microscopic examination. After mounting, flies were examined under a light microscope. Chaetae density was measured as follows. In the wing, we measured the number of chaetae present within a rectangle, which included 50 cells per wing surface. This rectangle was placed longitudinally over the mid-distal part of the II wing vein. Its approximate position was established relative to the end of that vein. In the notum, a square containing 250 cells was used for density measurements. The square was placed 60 gm above the anterior dorsocentral chaetae, so that one side lay on the line defined by the two dorsocentral chaetae. Finally, in the tergites, chaetae density was measured in the abdominal segment III, using a rectangle containing 150 cells. The rectangle was placed over the central part of the tergite, one side upon the line defined by the most posterior chaetae.
To measure the intervals and position of chaetae, we used a scale placed over the rows defined by the extrachaetae. These rows are longitudinal to the body axes and the starting point of the scale was the scutellar suture. 
Results

Microchaetae
Mutants in the h locus cause the appearance of extra microchaetae in the head and thorax. Here we will consider only mutant phenotypes in the wing blade and notum of the dorsal mesothorax. The number of extra chaetae present in the wing blade of h individuals depends on the number of doses of the ac § region of AS-C present. The h phenotype is completely suppressed by deficiencies of ac and increases when extra doses of ac § are present (Fig. 1) .
We measured how changes in the number of doses of ac + in h homozygous flies affect the density of microchaetae in the notum and wing. The results are shown in Tables  I and 2 . It can be seen that an increase of ac + doses produces an increase in microchaetae density (number of chaetae in a region of defined size; see Materials and methods). However, the increase in density reaches a maximum, above which more ac § doses cause a decrease in chaetae density (saturation effect). The same number of extra doses of ac + causes an increase in the total number of extra chaetae in the wings of these individuals (brackets in Table 2 ). This apparent contradiction is explained because the increase in the total number of extra chaetae is produced by the appearance of chaetae in new regions of the wing (see Fig. 1 ).
In the case of the wild-type notum, microchaetae are distributed in a regular pattern, so that the distances between chaetae along any axes of reference are constant. Variations in the number of ac + doses are expressed in the notum by variations in the number of microchaetae, which are still regularly distributed. Thus, in the notum, chaetae position seems to be an expression of density (see Fig. 2 and Discussion).
Tergal chaetae
The scute (sc) region of AS-C controls the differentiation of most macrochaetae and tergal chaetae (they are removed in sc-flies). Mutations in a locus, extramacrochaetae (emc), At least 20 heminota were measured for each genotype cause the appearance of extra chaetae in tergites, n0tum and head (of the macrochaetae type in the latter two). Similarly as in the case of h, this phenotype depends on the number of doses of the sc § region of AS-C present. The emc phenotype is completely suppressed by deficiencies of sc, and increases with on increasing number of doses of sc § (see Moscoso del Prado and Garcia-Bellido 1984). The tergal chaetae are evenly distributed in a band of the tergite cuticle. We measured the density of chaetae in emcl/emc 2 flies with different doses of sc § The results are shown in Table 3 . It is clear that a saturation effect, similar to that described for the microchaetae in notum and wing, also occurs in the tergal chaetae.
Macrochaetae
In the notum of wild-type flies, macrochaetae form a constant pattern, but are not evenly distributed. Mutations on the sc region of AS-C cause removal of macrochaetae. On the other hand, an excess of sc + function, modulated by genetic variations in the emc locus (see Moscoso del Prado and Garcia-Bellido 1984) , is expressed as the appearance of extra macrochaetae in new positions. The number of chaetae present depends on the number of doses of sc + 248 In brackets, total number of microchaetae per wing blade ( Data based on counts of at least 20 tergites for each genotype present (Fig. 1) . These chaetae appear in rows on the intersections of a regular grid, reminiscent of the pattern found in other Diptera (Gate•177 1981) . We analysed the pattern of chaetae in two such rows, which we call 'posterior postalar' row and ' dorsocentral' row, after the positions of those chaetae in wild type nora. All the measurements shown in this report were made in emcl/emc 2 females, but similar results apply to males and females with sc + extra doses (unpublished work). In emcl/emc 2 females, the average numbers of chaetae in the dorsocentral and posterior postalar row are 4.7_+0.8 and 2.8_+0.7, respectively (2 and I in wild-type). We measured the length of the intervals between chaetae in flies with different number of chaetae per row. The results are shown in Table 4 . The average distance between chaetae in a particular row decreases proportionally to the increase in the number of chaetae (righthand column in Table 4 ; Fig. 3 ). This decrease in the length of the intervals is not caused by clustering of the extra chaetae around certain positions (the percentage of chaetae adjacent less than one socket diameter apart -to each other is low, even in those flies with maximal number of chaetae; 11% in the dorsocentral row and 5% in the posterior postalar row). Furthermore, the length of the intervals between any pair of chaetae of a row is more or less constant (Table 4) . To see whether the chaetae in these flies appear preferentially at specific positions, or at any site, we measured the frequencies of chaetae appearing at any particular position along a longitudinal axis; the results are shown in Fig. 4 . With the exception of only the most posterior chaetae of a row, chaetae appear with similar 
Discussion
Genetic and developmental analysis indicates that Drosophila chaetae differentiation depends on the activity of AS-C (Garcia-Bellido and Santamaria 1978; Garcia-Bellido 1979) . In the present work we have studied how variations in the activity of AS-C affect chaetae pattern. For this purpose we have used mutations in two genes, hairy (h) and extramacrochaetae (emc), which produce the appearance of extra chaetae. Genetic evidence indicates that this phenotype is produced by an excess of AS-C function, suggesting that those two genes act as regulators of AS-C, acting in a negative type of control (see Moscoso del Prado and Garcia-Bellido 1984) . Clonal analysis has already showed that, in the notum, chaetae have an undetermined cell lineage, i.e. they are determined and differentiate at the site at which they appear in the final pattern (Sturtevant 1929; Stern 1940) . Basically, two different interpretations might explain the spatial differentiation of chaetae. It has been proposed that the spatial distribution of elements in a final pattern reflects the existence of positional cues, which determine the position of the cell to become differentiated (Stern 1954; Wolpert 1969) . This type of interpretation invokes the occurrence of two different operations in pattern formation; the assignment of positional values to the cells according to their location in the system, and the differentiation of the cells according to these positional values. It follows that the response of a cell to these positional values will be independent of the response of the surrounding cells. Thus, an increased AS-C activity could result in the appearance of chaetae in the normal positions and extra chaetae at new "hidden", but constant, positions. In an alternative interpretation, the generation of a pattern would not rely on the existence of underlying positional values in the system, but rather, position results from interactions (lateral inhibition) between neighbouring cells (Wigglesworth 1940; Meinhardt and Gierer 1974; Richelle and Ghysen 1979) . In this interpretation, an increased AS-C activity is expected not only to increase the number of chaetae, but also to modify the entire chaetae pattern (see Fig. 5 ).
In the case of more or less evenly dispersed chaetae, such as microchaetae in notum or tergal chaetae, it is not possible to assess the position of the individual chaetae. However, variations in AS-C + activity are expressed in variations in microchaetae density, and consequently in position (Fig. 2) . We have seen that a certain increase in ac § activity causes an increase in microchaetae density up to a saturation limit, beyond which a further increase in ac + activity causes a diminution of chaetae density. A similar effect is found in the tergites (tergal chaetae depend on sc § function). This result is best explained by a model of "lateral inhibition", similar to that proposed by Wigglesworth (1940) . In this model, whenever a cell is singled out to become a chaetae (initial cell), it creates an inhibitory field which prevents neighbouring cells from doing likewise. If initial ceils appear at random in the anlage, and the initial commitment is reversible, a regular pattern will appear after cell interactions (Claxton 1964; Meinhardt and Gierer 1974; Richelle and Ghysen 1979) . The number of final elements would depend on the number of initial cells and If the latter function is affected by diffusion, an increase in AS-C § activity can lead to saturation first and decrease later in the number of differentiated chaetae. Macrochaetae, unlike microchaetae, are not evenly distributed in wild-type patterns. However, excess of function of sc § caused by mutations in emc, creates a new macrochaetae pattern, in which chaetae are evenly distributed. It is thus possible that secondary modifications of it could create the species-specific pattern of Drosophila. Several arguments support the existence of a similar mechanism of inhibition to that of microchaetae to explain the generation of this regular pattern. An excess of sc § function leads to the appearance of extra macrochaetae. However, these extra chaetae do not appear clustered around certain "prepatterned" positions, but rather they appear at regular intervals; Moreover, even in flies with highly derepressed AS-C function, chaetae appear, very unusually, adjacent to one another. Different levels of sc § activity affect the number of chaetae and the intervals between them. Thus, the position that a chaeta occupies is not established independently of the other chaetae, but rather is affected by the number of them, indicating the existence of cell interactions. This interpretation is also supported by the classical observation of Stern (1954) , who found, using genetic mosaics of AS-C mutants, that chaetae would not differentiate if the mutant territory occupies the positions affected by the mutation. However, chaetae of wild-type genetic constitution would appear close to the position of the absent chaeta, if the border of the mosaic runs near to that position. The appearance of this "ectopic" chaeta can be explained because it is not under the inhibitory field of the normal one, which is now absent. Furthermore, this observation suggests that AS-C is involved in these interactions, because it is the existence of AS-C mutant cells which determines the response of neighbouring wild-type cells to make the "ectopic" chaetae.
The results discussed above indicate that chaetae position, both for microchaetae and macrochaetae, in notum and tergites, can change according to the level of gene activity of the AS-C. They further suggest that the final position relates to the density of chaetae in the region analysed. It is therefore important to know the density of chaetaprecursor cells in the antage at the time these cells are committed to become chaetae. Using clonal analysis data, it has been estimated that, in the notum anlage, chaeta-precursor cells arise at radial distances of two to three cells (Garcia-Bellido 1981) . The extra chaetae produced by derepression of AS-C are not clonally related (Garcia-Bellido and Merriam 1971 b; Garcia-Alonso personal communication), so that, if the extra chaetae are determined at the same time as the normal ones, then, in the maximal derepression phenotypes, chaeta-precursor cells arise at radial distances of one or two cells . The density of chaeta-precursor cells in the anlage at the time of their commitment supports the idea that differentiation occurs as a consequence of cell interactions (compare models a and b in Fig. 5) .
It is interesting to note that the patterns of chaetae produced by h and emc mutants in Drosophila melanogaster are similar to those found in other species. The regular macrochaetae pattern in emc flies resembles that of other more primitive Diptera (Garcia-Bellido 1981 , 1983 . Similarly, h causes the appearance of microchaetae in scutellum pleura and wing blade. Other genera have microchaetae in pleura and scutellum (Sturtevant 1970) . It is thus possible that an alteration in the level of expression of AS-C results in the uncovering of a more primitive pattern present in related species. The appearance of extra chaetae in new positions void of chaetae in Drosophila melanogaster (wing, scutellum and pleura in Hw, h or emc flies) may reflect the existence of differential thresholds for AS-C + function in different epidermal regions. These could be, in turn, determined by local cell proliferation properties in these regions. Other secondary modifications, such as local cell migration (Tokunaga 1962; Garcia-Bellido and Merriam 1971 a; Lawrence et al. 1979) , and intercalary cell proliferation between chaeta precursor cells may lead to regionspecific spacing and patterning of chaetae.
